Quantifying the effect of population mixing on childhood leukaemia risk: the Seascale cluster by Dickinson, H O & Parker, L
Since its discovery by Yorkshire television (Cutler, 1983), the
childhood leukaemia and lymphoma cluster in the village of
Seascale, next to the Sellafield nuclear complex in Cumbria,
north-west England, has been the subject of intense public interest
and extensive scientific investigation (COMARE, 1996). Initial
concern that the excess could be linked to discharges of radioac-
tive material from Sellafield was not borne out by detailed radio-
logical studies (Black, 1984). An association between cases of
leukaemia among children born in the village and doses of radia-
tion received by their fathers while working at Sellafield before
conception (Gardner et al, 1990) has not been confirmed by other
studies and is not considered to be causal (Doll et al, 1994). This
has resulted in attention being turned to other possible risk factors.
Kinlen has postulated that the mixing of populations from different
areas, bringing together infective and susceptible individuals, can
increase the incidence of childhood leukaemia and non-Hodgkin￿s
lymphoma (NHL) and may account for the excess in Seascale and
also that near the nuclear reprocessing plant at Dounreay (Kinlen,
1988, 1993; Kinlen et al, 1993). In a series of studies he has shown
that marked population mixing has been associated with higher rates
of childhood leukaemia and lymphoma (Kinlen, 1995; Kinlen at al,
1995). In support of this hypothesis, other research groups have also
reported higher rates of childhood leukaemia in isolated, rural areas
(Alexander et al, 1990), in areas with an increase in the population
(Langford, 1991; Rodrigues et al, 1991) and in areas of higher socio-
economic status (Draper et al, 1991; Rodrigues et al, 1991). A study
based  on county district of residence at diagnosis, which analysed the
effect of migration, simultaneously with the effects of various indica-
tors of socioeconomic status, found that higher migration and greater
diversity of origin of the migrants were associated with a higher risk
of childhood leukaemia, and concluded that these factors, although
correlated with socioeconomic status, were of more fundamental
importance (Stiller and Boyle, 1996). However, no study has system-
atically examined the risk of childhood leukaemia in small areas in
relation to population mixing to determine the extent of increase that
can be explained by this factor.
The objective of the present study was to quantify the relation-
ship between population mixing and childhood leukaemia and
NHL and to determine the extent to which it can account for the
excess in Seascale.
SUBJECTS AND METHODS
The incidence of (i) leukaemia and NHL and (ii) solid tumours, for
which there has been no suggestion of an association with popula-
tion mixing, in children aged 1—14 years and born in Cumbria,
excluding Seascale, during 1969—1989, was analysed in relation to
both community and individual risk factors. Hodgkin￿s disease
and retinoblastoma were excluded from the category of solid
tumours as there is evidence of an infective aetiology for the
former (Armstrong et al, 1993) and the latter has a hereditary basis
in 44% of cases (Draper et al, 1992). The resulting model of the
incidence of acute lymphoblastic leukaemia (ALL) and NHL was
used to predict the number of cases in Seascale children, born
1950—1989. The measures of population mixing used the place of
birth of parents which was available from birth certificates only
from 1969 onwards but, for Seascale children born before 1969,
parents￿ places of birth were obtained from other sources.
Cumbrian birth cohort
The cohort comprised all children born between 1 January 1969
and 30 September 1989 to mothers usually domiciled in Cumbria,
north-west England, excluding Seascale ward. Details of the birth
registrations of these children were obtained from the Office for
Quantifying the effect of population mixing on childhood
leukaemia risk: the Seascale cluster
HO Dickinson and L Parker
North of England Children’s Cancer Research Unit, Department of Child Health, University of Newcastle, Royal Victoria Infirmary, Queen Victoria Road,
Newcastle upon Tyne NE1 4LP, UK
Summary A statistical model was developed based on Poisson regression of incidence of childhood leukaemia and non-Hodgkin’s lymphoma
(NHL) in relation to population mixing among all 119 539 children born 1969–1989 to mothers living in Cumbria, north-west England,
(excluding Seascale). This model was used to predict the number of cases in Seascale (the village adjacent to the Sellafield nuclear
installation) children, born 1950–1989 and diagnosed before 1993. After allowing for age, the incidence of acute lymphoblastic leukaemia
(ALL) and NHL was significantly higher among children born in areas with the highest levels of population mixing, relative risk (RR) = 11.7
(95% confidence interval (CI) 3.2–43) and was highest among children of incomers. The model predicted up to 3.0 (95% CI 1.3–6.0) cases of
ALL/NHL in children born in Seascale compared to six observed and 2.0 (95% CI 1.0–3.4) cases in children resident, but not born, in
Seascale compared to two observed. Population mixing is a significant risk factor for ALL/NHL, especially in young children, accounting for
over 50% of cases in Cumbria and most cases in Seascale.
Keywords: retrospective cohort study; childhood leukaemia; non-Hodgkin’s lymphoma; population mixing; Seascale; epidemiology
144
British Journal of Cancer (1999) 81(1), 144–151
© 1999 Cancer Research Campaign
Article no. bjoc.1999.0664
Received 16 November 1998
Revised 7 January 1999
Accepted 27 January 1999
Correspondence to: HO DickinsonPopulation mixing and Seascale 145
British Journal of Cancer (1999) 81(1), 144–151 © Cancer Research Campaign 1999
National Statistics (ONS) and entered onto a computer database
(Parker et al, 1997). The mother￿s address was grid-referenced and
assigned to one of the 171 electoral wards used in the 1991 census.
The fathers￿ and mothers￿ counties of birth (or regions of
Scotland) were coded (Mason, 1986). Children were grouped into
families using algorithms based on parents￿ names and measures
of population mixing and social class in a ward were based on
characteristics of parents.
Case ascertainment
Cancer registrations for the cohort, recorded throughout the UK,
were obtained from ONS, from six regional and national cancer
registries and from scrutiny of all relevant death registrations, also
obtained from ONS (Parker et al, 1997) (Table 1). Each case of
cancer was reviewed centrally at the Royal Victoria Infirmary,
Newcastle upon Tyne, or by the Northern Region Young Person￿s
Malignant Disease Registry or Manchester Children￿s Tumour
Registry, including examination of diagnostic tissue when avail-
able, case records and immunophenotypic data on leukaemias.
Prior to analysis, it was decided to consider (i) all cases of
leukaemia and NHL (leukaemia/NHL); (ii) the following sub-
groups: common ALL (cALL), other ALL, other leukaemias,
NHL; and (iii) solid tumours.
Follow-up
There is evidence that many leukaemias diagnosed under the age
of 1 year are different at a molecular level from other childhood
leukaemias, possibly reflecting a different aetiology (Greaves,
1996, 1997) and so these were excluded. Each child was therefore
followed up from age 1 year until he or she reached 15 years, died
or emigrated, or until the end of 1992, whichever was the earliest.
Hence the person-years at risk were calculated (Table 1).
Explanatory variables
At the individual level, a measure of population mixing was
derived from the place of birth of the child￿s parents: each child
was categorized as having either both, one or neither parent born
Table 1 Cases and age at diagnosis, among children born in Cumbria 1969–1989, diagnosed age 1–14 years, before the end of 1992
Diagnosis Diagnostic Age at diagnosis
group (Birch
and Marsden,
1987) 1–6 years 7–14 years Total
Common ALL (cALL) Ia 32 8 40
Definitely cALLa 30 8 38
Probably cALLb 20 2
Other ALL 8 (1) 5 13 (1)
ALL, subtype unknownc 3 (1) 1 4 (1)
ALL, Definitely not cALLd 54 9
Other leukaemias I b, c, d 3 (1) 4 (1) 7 (2)
Non-Hodgkin’s lymphoma (NHL) II 4 4 (1) 8 (1)
Total (leukaemia and NHL) 47 (2) 21 (2) 68 (4)
Solid tumours III, V–XIII 56 (23) 32 (12) 88 (35)
Person-years at risk 661,417 587,791 1,249,208
The number of cases where diagnostic tissue was not available is indicated in brackets. aExpressed the cALL antigen and negative for
T-cell markers. bNegative for T-cell markers and mature B-cell features. cNo immunophenotypic data. d‘Null’ or T-cell ALL.
Table 2 Community characteristics, describing each ward for each time period
Variable Source of data Derived from:
(a) Population mixing Cumbrian birth cohort Proportion of parents (whose place of birth was known) who
were born outside Cumbria
(b) Proportion of child 1981 census data (for births 1969–1983) Proportion of childhood population (age 0–15 years) not resident
movers 1981, 1991 census data (averaged for at that address one year before the census
births 1984–1989)
(c) Parental diversity Cumbrian birth cohort Diversity of counties of origin of non-Cumbrian born parents
(whose place of birth was known) (Stiller and Boyle, 1996;
Shannon, 1948)
(d) Social class indicator Cumbrian birth cohort Proportion of fathers (whose social class was known) who were
of social class I or II
(e) Density of births Cumbrian birth cohort Number of births per km2 to mothers domiciled in ward
(f)  Proportional change in Cumbrian birth cohort Proportional change, between successive time periods, in
number of births number of births to mothers domiciled in ward
(g) Isolation Bartholomew 1:250 000 digital map data, 1996 1 = built-up area; 2 = nearby towns, villages;
(assumed to be the same 3 = isolated towns, villages; 4 = other (Alexander et al, 1990)
for all time periods)outside Cumbria. Additional individual characteristics considered
were: time period of birth (1969—1973, 1974—1978, 1979—1983,
1984—1989), age (1—6, 7—14 years) and social class of the child￿s
father (ascertained from his occupation as recorded on the birth
registration (Parker et al, 1997)). Social class was unknown for
one case of leukaemia/NHL and 2.5% of total person-years; the
place of birth of one or both parents was unknown for three cases
and 6.4% of total person-years.
Community characteristics for each ward for each 5-year period
were calculated from the characteristics of the parents of the
babies born there (parents having more than one child born in a
ward in a 5-year period contributing only once) and also from
census data and maps (Table 2). This included three ward-based
measures of population mixing: (a) the proportion of parents born
outside Cumbria, (b) the proportion of children who had moved in
the year before a census and (c) a measure of the diversity of coun-
ties of origin of the parents (Shannon, 1948; Stiller and Boyle,
1996). Four other community characteristics, (d)—(g) of Table 2,
were also considered. To facilitate comparisons of the effects of
the different community characteristics, the continuous variables
(a)—(f) were standardized to have a range from 0 to 1.
Model of distribution of cases
A Poisson regression analysis using maximum likelihood methods
(McCullagh and Nelder, 1989) was undertaken within the statis-
tical package StataTM to investigate the relationship between the
incidence of cancer in the predefined groups and the possible risk
factors. The best model was determined by a forward step-wise
regression with a backwards step at each stage (Efroymson, 1960),
the significance of the improved goodness-of-fit being tested by
the likelihood ratio statistic (lrs). Rate ratios (RR) are presented
comparing the incidence rates in an exposed and a baseline group
for the categorical variables or for trend across the range 0—1 of the
standardized continuous variables. Adjacent categories of
explanatory variables were amalgamated if this resulted in no
significant change in the likelihood ratio statistic. Where data on
an individual were missing, that person was excluded from
analysis of that variable. As there is evidence of geographical clus-
tering of ALL (Cuzick and Hills, 1991), confidence intervals (CIs)
in the final model were estimated by bootstrapping (Stine, 1990).
As the residual deviance may not be distributed as c2, especially in
situations such as the present, where the event data are sparse, the
goodness-of-fit of the final model was checked by simulation
(Bithell et al, 1995). The proportion of cases attributable to popu-
lation mixing was estimated (Greenland and Drescher, 1993).
Prediction of expected number of Seascale cases
The place of birth of parents of children born in Seascale during
1950—1968 was ascertained from birth certificates of siblings born
after 1969 (the year such details were first recorded), from
employee records (Parker et al, 1997), or by searching national
birth indices. The total person-years at risk in children born in
Seascale between 1950 and 1989 was estimated as before. The
statistical model describing the distribution of ALL/NHL in
Cumbria, excluding Seascale, was then used to predict the number
of cases in children born in Seascale and diagnosed anywhere in
the UK before the end of 1992.
Although the study was primarily of a birth cohort, estimates
were made of the number of cases expected among children resi-
dent, but not born, in Seascale. Census statistics gave the number
of children resident in Seascale in 1951, 1961, 1971, 1981. By
combining these with data on the length of residence in Seascale
of children born there (Gardner et al, 1987; Kinlen, 1993), the
number of person-years at risk among children aged 1—14 years
resident, but not born, in Seascale between 1950 and 1992, was
estimated. The statistical model was then used to predict the
number of cases among these children.
RESULTS
Childhood leukaemia/NHL in Cumbria, excluding
Seascale
The incidence of leukaemia/NHL was significantly higher in the
younger age group (P = 0.007) and, after allowing for this, popula-
tion mixing was associated with a significantly higher rate of
leukaemia/NHL. At the individual level, when only the father or
only the mother was born outside Cumbria, the rate was not signif-
icantly higher than that among children with both parents born
inside Cumbria (RR = 1.0, 95% CI 0.4—2.2 and RR = 1.0; 95% CI
0.4—2.3 respectively) so these categories were amalgamated (local
residents). If both parents were born outside Cumbria (incomers),
there was a significantly higher rate of leukaemia/NHL in their
children (RR = 2.3, 95% CI 1.4—4.0) compared with incomers. At
the community level, in areas where a higher proportion of parents
was born outside Cumbria, there was a significantly higher rate of
leukaemia/NHL (RR = 6.8, 95% CI 1.9—24) for trend. Although
there was a higher incidence of leukaemia/NHL in rural wards and
those of a higher social class — areas which also tended to have a
high level of population mixing — none of the other individual or
community variables accounted for significant variation, except
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Table 3 Rate ratios for disease sub-groups among children born in Cumbria, 1969–1989, diagnosed age 1–14 years, before the end of 1992, in relation to
population movement at the individual and community level, after allowing for age
Diagnosis No. of Children of incomers vs Trend with community
cases children of local residents population mixing
Rate (95% confidence P b Rate (95% confidence P b
ratio interval)a ratio interval)a
cALL 40 2.6 (1.3–5.1) 0.008 9.8 (2.0–49) 0.007
Other ALL 13 2.3 (0.7–7.6) 0.183 16.3 (1.0–259) 0.058
NHL 8 2.1 (0.4–0.9) 0.400 16.1 (0.5–551) 0.141
Other leukaemias 7 1.1 (0.1–9.1) 0.958 < 0.01 (0.0–2.2) 0.052
Solid tumours 88 0.9 (0.5–1.7) 0.739 1.2 (0.3–4.0) 0.788
aLikelihood-based confidence interval. bSignificance, P, derived from likelihood ratio statistic on 1 df.Population mixing and Seascale 147
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for the isolation of the ward: there was an increased risk outside
built-up areas (RR = 2.1, 95% CI 1.2—3.7).
Disease sub-group analysis
The various types of leukaemia/NHL were analysed in relation to
population mixing and compared with solid tumours (Table 3).
There was a substantial and significantly increased risk of cALL
with increased population mixing at both the individual and commu-
nity levels. There were effects of similar magnitude for other ALL
(which probably included a number of unsub-typed cALL cases)
and for NHL, although these effects were non-significant, probably
due to the much smaller numbers of cases. These similar results for
ALL and NHL suggested a commonality of effect, consistent with
what is known of the overlap in their biological characteristics
(Magrath, 1989). As the risk of other leukaemias did not increase
with population mixing, this sub-group was excluded from the
remainder of the analysis. As expected, solid tumours showed no
relationship with population mixing.
Although prior decisions had been made to exclude children
under 1 year of age from all analyses and to exclude cases of
retinoblastoma and Hodgkin￿s disease from analysis of solid
tumours, we checked that inclusion of these cases made little
difference to the results.
Table 4 Rate ratios for ALL/NHL (61 cases) in relation to the various explanatory variables
Rate (95% confidence P
Explanatory variable ratio interval)
Age 0.002b
1–6 years 1.0
7–14 years 0.4 (0.2–0.8)
After allowing for age:
Individual characteristics
Time period of birth 1.2 (0.9–1.5) 0.154c
Social class of child’s fathera 0.8 (0.6–1.2) 0.332c
Place of birth of parents:a 0.002b
One of both parents born inside Cumbria (local residents) 1.0
Both parents born outside Cumbria (incomers) 2.5 (1.4–4.3)
Community characteristics
Population mixing 11.7 (3.2–43) <0.001d
Proportion of child movers 1.5 (0.2–9.0) 0.683d
Social class indicator 2.9 (0.8–10) 0.105d
Density of births 0.3  (0.0–1.9) 0.173d
Proportional change in number of births 2.3 (0.3–20) 0.443d
Isolation 0.019b
Built-up area 1.0
Not a built-up area 2.0 (1.1–3.6)
Parental diversity (after allowing for population mixing) 0.6 (0.1–3.3) 0.603d
Confidence intervals were likelihood-based. aPerson-years associated with missing values were excluded. Significance, P, is derived from the Irs on 1 df and
estimates the significance of: bdifference between two categories; ctrend over four categories; dtrend with standardized continuous score (range 0–1).
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Figure 1 Observed and predicted rates of ALL/NHL in children born in Cumbria, 1969–1989, aged (A) 1–6 years, (B) 7–14 years, diagnosed before the end of
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Childhood ALL/NHL in Cumbria, excluding Seascale
Table 4 shows the results of the analysis of ALL/NHL. Only age,
population mixing and isolation of the ward were significant. After
allowing for age, both individual and community level population
mixing were significant after allowing for the other (P = 0.035 and
0.009 respectively). After allowing for these, no other variables
accounted for significant variation in the rate. The effect of popu-
lation mixing was greater in the younger age group (Figure 1).
Although the interaction of age and community population mixing
was not significant (P = 0.24), it was retained in the model, first
because of the plausibility of an exposure during gestation or early
in life preferentially affecting younger children and, second,
because of prior evidence of such an effect (Kinlen, 1995; Stiller
and Boyle, 1996). This final model is summarized in Table 5 and
Figure 1. The proportion of cases of ALL/NHL attributable to our
measures of population mixing was 0.53 (95% CI 0.20—0.73). In
the younger age group, the estimated rate for children of incomers
in areas with the highest levels of population mixing was 52 cases
per 100 000 person-years, whereas that for children of incomers in
areas with the lowest levels of population mixing was 2.5 per
100 000 person-years (Figure 1). There were five cases of
ALL/NHL among children aged 1—6 years and born in the nine
wards, other than Seascale, with the highest levels of population
mixing (above the 95 percentile point), a rate of 32 cases per 
100 000 person-years; none of these wards was close to Seascale.
Goodness-of-fit of model
When the wards were divided into quintiles on the basis of the
population mixing indicator with an approximately equal number
of person-years in each quintile, the Pearson c2 statistic comparing
observed and expected numbers of cases in each category (formed
by age groups within quintiles) was c2
5 = 7.6, P = 0.18, indicating
an acceptable fit. Second, simulation indicated that if the actual
rate ratios were as estimated in Table 5, the probability of getting
the observed deviance was P = 0.39, again indicating that the
model was robust (Bithell et al, 1995).
Observed Seascale ALL/NHL cases (Table 6)
We considered cases of ALL/NHL diagnosed up to the end of 1992
in children aged 1—14 years born between 1 January 1950 and 30
September 1989. Six relevant cases of ALL/NHL have been
reported in children born in Seascale and diagnosed while living
there, rates of 39 and 86 cases per 100 000 person-years in
Table 5 Summary of the final multivariate model for ALL/NHL
Estimated Observed
Rate
per
(95% No. 100 000
Rate confidence of person-
Explanatory variable ratio interval) cases years
Age
1–6 years 1.0 43 6.9
7–14 years 0.9 (0.2–3.0) 16 2.9
Place of birth of parents
One or both parents born inside Cumbria (local residents) 1.0 40 4.1
Both parents born outside Cumbria (incomers) 1.9 (1.0–3.3) 19 10.2
Community population mixing, within the age groups:
1–6 years 10.8 (1.7–50) 43 6.9
7–14 years 1.7 (0.2–12) 16 2.9
Confidence intervals were derived by bootstrapping. Person-years associated with missing values were excluded.
Table 6 Observed and expected numbers of cases of ALL/NHL in Seascale children, born 1950–89, diagnosed age 1–14 years, before the end of 1992.
Age 1–6 years Age 7–14 years Total No of cases
attributable to
population mixing
No. of (95% confidence No. of (95% confidence No. of  (95% confidence No. of  (95% confidence
cases interval) cases interval) cases interval) cases interval)
Children born in Seascale
Observed 6 0 6 n/a
Expecteda 2.2 (0.7–4.7) 0.4 (0.1–1.2) 2.6  (1.1–5.0) 2.3  (0.6–4.7)
Expectedb 2.5 (0.8–5.4) 0.5 (0.1–1.2) 3.0  (1.3–6.0) 2.6  (0.8–5.7)
Children resident but not born in Seascale
Observed 0 2 2 n/a
Expectedc 0.8 (0.3–1.6) 0.2 (0.1–0.5) 1.0 (0.5–2.0) 0.8  (0.0–1.7)
Expectedd 1.5 (0.6–2.8) 0.5 (0.1–0.9) 2.0  (1.0–3.4) 1.7 (0.6–3.1)
Confidence intervals were derived by bootstrapping. For parents of children born in Seascale, 1950–1968, unknown places of birth were (a) assumed to be
inside Cumbria or (b) imputed from those known. Parents of children born outside Seascale were assumed to have been (c) born inside Cumbria or (d) born
outside Cumbria.Population mixing and Seascale 149
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children aged 1—14 years and 1—6 years respectively (Black, 1984;
Draper et al, 1993a, 1993b; Kinlen, 1993). Although we have
ascertained details of cancers for the Cumbrian birth cohort diag-
nosed throughout the UK (Parker et al, 1997), no additional
Seascale-born cases were found. In addition, two children born
between 1950 and 1989 outside Seascale were diagnosed with
ALL/NHL before the end of 1992 while resident there and aged
1—14 years (Draper et al, 1993a, 1993b; Kinlen, 1993). The place
of birth of 11 of the 16 parents of these eight children was known:
three had both parents born outside Cumbria and three had one
parent born outside the UK.
Predicted number of cases of ALL/NHL in children born
in Seascale
A total of 1181 children were born in Seascale, 1950—1989, giving
15 199 person-years at risk. The place of birth was ascertained for
70% of parents of children born 1950—1968. Making two alterna-
tive assumptions about the unknown places of birth, the statistical
model predicted the numbers of cases shown in Table 6.
Predicted number of cases of ALL/NHL in children
resident, but not born, in Seascale
The number of person-years at risk among children aged 1—14
years resident, but not born, in Seascale between 1950—92, was
estimated to be 10 140 (Gardner et al, 1987; Kinlen, 1993).
Assuming that this resident cohort experienced the same risks of
ALL/NHL as the birth cohort and, again, making two alternative
assumptions about the place of birth of the parents, the statistical
model predicted the number of cases shown in Table 6.
DISCUSSION
Summary of results
Population mixing
We have observed a significant 11.7-fold increase in the risk of
ALL/NHL in children born in wards in Cumbria, excluding
Seascale, with the highest level of population mixing as measured
by the proportion of parents born outside Cumbria (Table 4).
Within any ward, the risk is higher among the children of incomers
than among children of local residents (Tables 4 and 5 and Figure
1). Thus, characteristics of both the individual and the community
are important risk factors for childhood ALL/NHL. The higher
rate among younger children was largely accounted for by the
greater effect of population mixing in this age group. As expected,
other leukaemias and solid tumours showed no variation with
population mixing (Table 3), confirming that the association found
for ALL/NHL is unlikely to be an artefact.
Although our measure of population mixing can only be a surro-
gate for the true exposure, it accounts for approximately half the
cases of ALL/NHL in Cumbria. The underlying aetiological
factor is likely to be an unusual pattern of exposure to infections
and the risk of ALL/NHL following such exposure must be even
higher and could account for the majority of cases of ALL/NHL.
The differences in risk of ALL/NHL in populations of different
mobility appear to be so great that any investigation of the aeti-
ology of these diseases in children must adjust for population
mixing since its effect may entirely swamp that of any other
exposures.
Seascale
Seascale parents were an unusually mobile group, especially in the
1950s and 1960s when there was a great influx of families into the
village, most of whom had at least one parent working at
Sellafield, which began operations in 1950. Over the entire time
period, 1950—1989, 77% of Seascale parents for whom place of
birth was known were born outside Cumbria. Thus, the children in
Seascale were exposed to extremely high levels of population
mixing as defined in this study.
The finding that population mixing is associated with
ALL/NHL is consistent with it having a causal role in the Seascale
cluster, which is predominantly of these malignancies (Draper et
al, 1993a, 1993b). The final statistical model predicted 3.0 (95%
CI 1.3—6.0) cases of ALL/NHL among children born in Seascale
compared with six cases observed (Table 6). The place of birth of
30% of Seascale parents, 1950—1968, was estimated and this may
be a source of error. However, even the most conservative esti-
mate, assuming that all parents whose place of birth was unknown
were born in Cumbria, reduced the estimate to 2.6 (95% CI
1.1—5.0) cases. The observed rate of ALL/NHL in children born in
Seascale is higher than that observed in other Cumbrian wards of
high population mixing, although similar high rates have been
reported in areas of high population mixing elsewhere in the UK
(Kinlen et al, 1997). In the early decades of operation, raw sewage
was discharged from the Sellafield site into the River Ehen which
flowed into the sea within a mile of Seascale contaminating the
beach there, consistent with anecdotal accounts of a periodic
gastrointestinal illness in Seascale (COMARE, 1996), which may
have further increased the burden of infection there and conse-
quently the risk of ALL/NHL. The model also predicted 2.0 (95%
CI 1.0—3.4) cases of ALL/NHL among children born outside
Seascale but diagnosed while living there, compared to two cases
observed (Table 6). The confidence intervals on the predicted
numbers of cases indicate that, although population mixing is
likely to explain the excess of ALL/NHL in Seascale, other factors
cannot be excluded.
Comparison with other studies
The magnitude of the association found between risk of ALL/NHL
and population mixing is much greater than that reported in other
studies (Alexander et al, 1990; Langford, 1991; Rodrigues et al,
1991; Kinlen, 1995; Kinlen et al, 1993, Stiller and Boyle, 1996;
Alexander et al, 1997). This may be because we studied the effect
of population mixing in the area of residence at birth rather than
diagnosis. In addition, we were able to minimize misclassification
by using much smaller areal units, a ward having an average popu-
lation of 2800, whereas that in previous studies ranged from
42 000 in a small census area in Hong Kong (Alexander et al,
1997) to 81 000 in a county district in England & Wales (Stiller
and Boyle, 1996). We used individual records to obtain an accurate
count of the population at risk in these small areas, whereas other
studies have usually interpolated between widely spaced census
estimates. In addition, our measures of population mixing were
based on the characteristics of parents, whereas most previous
studies used characteristics of the entire adult population of an
area, which may be less relevant.
The associations with social class, year of birth, rural isolation
and population increase were all in the direction expected from
other studies (see Table 4) (Alexander et al, 1990; Draper et al,
1991; Langford, 1991; Rodrigues et al, 1991; Kinlen, 1995;150 HO Dickinson and L Parker
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Kinlen et al, 1993; Stiller and Boyle, 1996; Alexander et al, 1997),
but none was significant after allowing for population mixing,
implying that this was the underlying risk factor. In contrast to
Stiller and Boyle, we did not find a higher risk of ALL/NHL if
migrant parents had a greater diversity of origins; this may be
because of the small number of migrants within each Cumbrian
ward (Stiller and Boyle, 1996).
The Health and Safety Executive, in a study of 32 cases of
leukaemia and NHL and 179 control children of Sellafield fathers,
constructed a community migration index based on birth places of
fathers but, after excluding Seascale, the correlation between this
index and the ratio of observed to expected cases was not signifi-
cant (P = 0.44) (Health and Safety Executive, 1993). However,
because of the use of information from so few births and the omis-
sion of mother￿s place of birth, their measure of community popu-
lation mixing was far less precise than that used in the present
study, which was based on details of both parents of all 119 539
children born during 1969—1989 to mothers living in Cumbria.
The main limitations of the study were that, to estimate the
number of Seascale cases, we extrapolated backwards in time and
did not know the place of birth of all Seascale parents in early
years. However, the incidence of ALL/NHL did not vary signifi-
cantly over time (Table 4), so the application of the model to an
adjacent time period seems reasonable.
Possible mechanisms of the aetiology of ALL/NHL
The proportion of parents who were incomers to a ward was found
to be a significant risk factor for ALL/NHL in children born there.
This is consistent with Kinlen￿s theory of an infectious aetiology
of leukaemia/NHL in which population mixing leads to an
increase in contacts between susceptible and infected individuals,
leukaemia/NHL being a rare and abnormal response to a possibly
common infection (Kinlen, 1995). However, we also found that if
parents had moved to Cumbria before their children were born,
their children were at a higher risk even when community popula-
tion mixing was low, implying that the risk of ALL/NHL may be
associated with circumstances in prenatal life. Greaves￿s hypoth-
esis (Greaves, 1997; Smith, 1997; Smith et al, 1997) concerning
the aetiology of cALL suggests that a ￿first hit￿ (a mutation in
lymphocyte DNA) occurs in-utero, but our results indicate that
such an effect may be acting for all ALL and also for NHL. It is
possible that babies born to incomers may not receive appropriate
immune protection to local infectious agents from their mothers
and thus are at increased risk from infections prevalent within the
community.
The risk in children with only one parent — either father or
mother — born outside Cumbria was similar to that among those
with two Cumbrian-born parents. A possible explanation of this is
that where both parents were born outside Cumbria, they moved
there together as adults; whereas when only one parent was born
outside the area it is more likely that the move into Cumbria
predated adulthood and so the mothers had a history of immuno-
logical stimulation similar to that of those born inside Cumbria.
CONCLUSIONS
The study strongly supports the hypothesis that the risk of
ALL/NHL, in particular in the younger age group, increases with
increased exposure to population mixing during gestation or early
in life. Population mixing alone could account for the Seascale
leukaemia and lymphoma cluster, although the mechanism by
which it causes these malignancies remains unknown. However,
the possibility of additional risk factors in Seascale remains.
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